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A BSTRA CT
The essential constituents of protein molecules are the amino 
acids, cy-Amino acids have in common an amino group in the cy-position
to the carboxyl group, and have the general structure of R—^— COOH.
NH2
The carboxyl groups of the amino acids have extremely low ioniza­
tion constants, of the order of 10“^°. Thermometric titration, whose 
only detection criterion is the enthalpy change, has been adapted to 
the determination of twenty fundamental, and biologically important 
amino acids in the millimolar and centimolar range. Methods for quan­
titative determination of amino acids utilizing the acid-base neutrali­
zation reaction, and the metal ion (Cu"^ )^ chelation have been developed, 
Individual and binary mixtures have been investigated. Potentialities 
and limitations of the methods have been explored in terms of analytical 
precision, accuracy and range of application.
In general, the thermometric titration technique proves to be a 
sensitive, rapid, simple and reliable method for the quantitative deter­
mination in the 10”^ to 10"'^  range, and sample size of 25 ml. The 
method is of particular value for routine analysis.
Referring back to the general structure, it is obvious that R is 
the only distinguishing functional group among all the acids. Proton 
nuclear magnetic resonance spectroscopy has been chosen as an ideal tool 
for qualitative identification. In an alkaline (0.25 M NagCOg and 
NaHCOs) aqueous solution the protons of the carboxyl group and the amino 
group exchange rapidly with the solvent, therefore only absorption peaks 
due to the different protons in the R group would appear in the N.M.R.
Vll
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
spectra. In addition to the characteristic chemical shifts, the peaks 
in the N.M.R. spectra are highly sensitive to the molecular environment 
of the nucleus, resulting in the illuminating spin-spin multiplets.
Twenty fundamental amino acids have been studied, and qualitative as­
signment of the absorption peaks are made and explained. A table has 
been compiled to relate all the absorption peaks of all the acids.
Binary mixtures of various combinations show characteristic cumulative 
absorption spectra, allowing identification of the individual components. 
t-Butyl alcohol has been used as the reference standard.
viii
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INTRODUCTION
Amino acid is often interpreted to imply a group of compounds all
of which have in common an amino group in the c^-position to a carboxyl
1^2
group, and have the general structure R"C— COOH. Only about twenty
6
amino acids are commonly found in proteins. Emil Fisher, in I9OO, pro­
posed the structure of proteins as polypeptides made up of amino acids 
joined together through the peptide link, —CONH~, between the carboxyl 
group of one amino acid and the a-amino group of another. The biolo­
gical and chemical specificities of proteins are due to differences in 
the number and kinds of amino acids present, and in the order in which 
they are joined together in the molecule. Obviously the number of pos­
sibilities! are indefinite. The hydrolysis of a protein yields a mix­
ture of a number of different amino acids.
Two series of the amino acids and their derivatives are clarified 
by prefixing with small capital letters - D and L, which refer to their 
optical rotation whether dextro- or levo-rotatory. However, the chemical 
behavior of the two series are essentially the same, and this clarifi­
cation will not be of important concern in our study.
According to their basicity, the fundamental biologically impor­
tant amino acids may be classified into:
I. Neutral Amino Acids - one carboxyl, one amino group - these 
include glycine, alanine, valine, leucine, isoleucine, 
phenylalanine, tyrosine, proline, hydroxyproline, serine, 
threonine, cysteine, methionine and tryptophan.
II. Acid Amino Acids - two carboxyl groups, one amino group - 
these include aspartic acid and glutamic acid.
ix
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III. Basic Amino Acids - one carboxyl group, two basic groups - 
these include arginine, lysine and histidine.
The importance of amino acids and prpteins is apparent and cannot 
be overemphasized. In order to keep in step and to further the increasing 
knowledge of the biological function of the proteins, the analytical 
chemist is constantly challenged with the analysis of the amino acids.
This work has been undertaken with the aim of exploring and developing 
new and better methods for the determination and identification of amino 
acids in the millimolar and centimolar concentration range, utilizing 
the inherent chemical and physical properties of these compounds.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I
SOME CONVENTIONAL METHODS FOR THE ANALYSIS OF AMINO ACIDS
To analyze a protein sample for its amino acid content, pretreat­
ment of the sample, such as elimination of interferences and reaction 
conditioning, is often necessary. Depending on the specific method of 
final analysis desired, the details of the sample preparation varies 
accordingly. Yet in most cases the hydrolysis of the protein into its 
amino acid components is required prior to analysis.
Acids, bases and enzymes have been separately used for the prepara­
tion of hydrolyzates to suit the particular method of analysis. The 
extent of the destruction of amino acids during the hydrolytic proce­
dure continues to be an unsolved challenge. This dissertation deals 
with the determination of the amino acid components and not the hydro­
lysis technique. In developing the methods to be discussed, pure amino 
acids from the Nutritional Biochemical Corporation were used.
A. Chemical Methods
Specific reagents can be used for the isolation of the individual 
amino acids so that the reaction product can either be weighed accu­
rately or its specific color intensity can be measured.
Arginine, histidine and lysine can be isolated as picrates and 
separated by elution column chromatography. Benzenesulfonic acid iso­
lates lysine and histidine from other amino acids as the benzenesulfo- 
nates, and can be separated from each other according to their solubility 
difference in trichloroacetic acid-acetone solution. Tyrosine may be 
determined colorimetrically with l-nitroso-2-naphthol. Quantitative
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2estimation of glutamic acid and aspartic acid utilizes the insolubi­
lity of the barium or calcium salts in alcoholic solution and final re­
crystallization of the dicarboxylic acid as metallic salts such as 
copper.
Block and Bolling®, Block and Weiss^, and Greenberg^°have summarized 
the extensive chemical methods available for the determination of the 
individual amino acids.
However, many of the isolation methods, though valuable in sup­
plying the early data and laying the foundations of protein chemistry, 
are not always quantitatively reliable nor are they suitable for routine 
analysis.
B. Biological Methods
Biological methods for the determination of the amino acids were 
first introduced by Osborne and Mendel in 1914. They are still much in 
use today for the assay of amino acids in protein and food. Eighteen 
known amino acids have been quantitatively estimated by this method.
Micro-organisms, the lactic acid bacteria in particular, were 
found to require a number of different amino acids in order to obtain 
maximum growth. When any of the essential amino acids was omitted, 
growth failed. If the amino acid was restored, the amount of growth 
would be in proportion to the amount of amino acid supplied. This 
constitutes the basic principle of this particular analytical method^^.
Fundamentally, all the microbiological assay methods are similar 
in technique. A basal medium is prepared which contains all the es­
sential metabolites for the test organism, except the one to be deter­
mined. Graded amounts of the solution containing the unknown amounts
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3of the amino acid to be assayed is added. The physiological response 
of the organism to the test substance (cell number, cell mass, acid 
production cell, nitrogen, etc.) is measured after inoculation and 
incubation. Simultaneously a standard reference is run by adding 
graded amounts of pure material to the basal medium. Comparison of 
the unknown with the control is a quantitative estimation of the con­
centration of a particular amino acid in the sample.
This method is extremely simple and relatively inexpensive once
the information for the basal medium is available. However, the re­
sults so obtained are not always reliable because of the limited number 
of test organisms employed. Furthermore, the growth of the bacteria 
is also subjected to many more extraneous influences such as the pre­
sence or absence of oxygen, carbon dioxide, antagonistic amino acids 
and even temperature. Therefore, only specialists in the field can 
truly evaluate the results so obtained.
C. Chromatographic Methods
At present, perhaps the most widely employed method of amino acid 
analysis is column chromatography with ion-exchange resins. The method 
gives an order of accuracy of
Adsorption and partition paper chromatography, both one and two
dimensional, have been widely applied. The test solution is spotted
on the filter paper. Appropriate solvents are used. Locations of the 
separated components are compared with a standard to give qualitative 
identifications. Quantitative estimation after the chromatographic 
separation may be accomplished by using a densitometer to compare its 
color intensity with a reference. Radioisotopes may be added to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4amino acid mixture prior to its separation. The total radioactivity of 
each "spot" is then a measure of the amount of amino acid corresponding 
to the spot. The separated components from chromatography may also be 
eluted from the medium, be it paper or silica gel column, and deter­
mined colorimetrically.
In general, chromatography provides an easy and convenient means 
for establishing the identity of an amino acid from natural sources.
It involves a comparison of its chromatographic behavior with reference 
to amino acids in a variety of solvent systems. Oftentimes, no other 
criteria are employed. However, certain structurally related amino 
acids such as leucine and isoleucine, often reveal little difference in 
their chromatographic behavior in numerous solvent systems. This pre­
sents the danger of overlooking some closely related amino acids in 
using this technique alone.
High-voltage paper electrophoretic quantitative determination of 
amino acids was considered by Blackburn^ as superior to the paper chro­
matographic approach. Its principal advantages seem to be its high 
resolving power and shorter time of analysis - 1 to 2 hours.
D . Physico-chemical Methods
Isotopic dilution method has also been applied since the usual 
laboratory procedure for isolating amino acids do not separate isotope- 
containing molecules from their normal analogues. A known amount of 
amino acids that has been labeled with is added to the prepared 
sample. A mass spectrograph is used to determine the amount of the 
isotope present in a pure specimen of the-same amino acid isolated 
from the mixture. The decrease in the concentration of labeled element
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5from that present in the added amino acid to that present in the iso­
lated indicates the extent to which the labeled amino acid has been 
diluted.
The following equation is used in the calculations:
A = A' (C/c' - 1) 
where A  = amount of amino acid originally present
a ' = amount of labeled amino acid added
C = concentration of labeled element in added compound
C = concentration of labeled element in isolated compound.
This procedure appears to be the most accurate method available. 
However, the availability of a mass spectrometer, isotope-containing 
amino acids, and technical ability of the personnel required seems to 
limit its adoption for routine method of analysis.
E . Miscellaneous
Other recent techniques include the temperature programmed gas 
chromatography, the amino acid analyzer, etc. Each method has a varied 
success and limitations.
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CHAPTER II 
THERMOMETRIC TITRATIONS
A. Theoretical Basis
Thermometric titration has become an important analytical tool 
along with potentiometrie, conductometrie, spectrophotometrie, and 
other titrimetric procedures. The principle is based on the recording 
and judicious interpretation of heats of reactions.
It is well-known that when a chemical reaction occurs, energy 
changes take place resulting in the evolution of heat into or the ab­
sorption of heat from the surrounding medium. Thus, all reactions in­
volve a detectable endothermie and exothermic enthalpy change, e.g., 
when an acid is neutralized by adding alkali, heat is evolved equivalent 
to the heats of formation of water, and the temperature of the solution 
rises. Similarly during the reaction of A1 or Mg ions with EDTA, heat 
is absorbed, and the temperature of the mixture falls. In all such 
cases the energy changes occuring are, of course, proportional to the 
amount of substance formed, and so might be used as a measure of this 
amount.
Therefore, the methodology of the technique consists of the detec­
tion and measurement of the change in temperature of a solution as the 
titrant is added to it, under as nearly adiabatic condition as is possible. 
The resultant temperature-volume curve yields a break corresponding to 
a discrete titration end-point. Heats of reaction can be evaluated by 
measuring the temperature difference between the unreacted solution and 
the solution at the end point and by applying appropriate correction 
for heats of dilution and other extraneous heat effects.
6
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7The nature of the titration curve obtained is shown in Figure 1(a), 
which represents an exothermic process. Point A marks the beginning of 
temperature recording, and line AB is the temperature of the solution 
before the addition of the titrant, which, in most cases, has a slight 
slope due to heat leakage into or out of the titration cell. The point 
B marks the beginning of the titration; the curve starts to deviate 
from the base line, and levels off again at the point C, the idealized 
end-point of the reaction. Line CD is the excess reagent line; it may 
slope downward or upward, depending on the temperature of the titrant, 
whether higher or lower than the reacted solution.
In an actual titration. Figure 1(b), the end point has a pronounced 
curvature. Extrapolation, as shown, is a correction necessary to deterr 
mine the actual end-point.
In both cases, AT is the corrected temperature change of the re­
action, and AV is the volume of titrant consumed in the reaction.
If the reaction is endothermie, a descending slope of the titration 
curve will be obtained.
Excellent reviews on this subject have been written by Zenchelsky^, 
Jordan^® and Wend land t.®®
B . Nomenclature
The experimental variable monitored in thermometric titration method 
is the temperature. The basic property which determines the shape of 
these titration curves is the enthalpy change. This accounts for the fact 
that over the past fifty years or so thermometric titration methods have 
been in existence. Essentially the same procedure has been referred to 
in the literature as "thermometric titrations" and "enthalpy titrations"
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CL
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H
Titrant Volume
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(b) Experimental
T
Titrant Volume
. . I
Figure I. (a) Theoretical Exothermic Titration Curve 
(h) Experimental Exothermic Titration Curve
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9by various authors. Other terms encountered include: "calorimetric
titration," "thermochemical titration," and "thermal titration." In­
terest in thermoanalytical titrimetry grew rapidly soon after 1953> when 
Linde, Rogers and Hume^® proposed the use of thermistor as temperature 
sensing devices. In 195T> it became necessary to forestall further con­
fusion from the indiscriminate use of a variety of terms designating 
essentially the same technique. A round-table discussion on terminology 
was organized at New York Symposium on Thermoanalytical Titrimetry under 
the auspices of the Division of Analytical Chemistry of the American 
Chemical Society. While no definite "official" terminology was adopted, 
the consensus was that the designation "thermometric titration" be pre­
ferred.^® For reasons of conformity, this practice has been followed 
throughout this dissertation.
C . Instrumentation
Early work in this field was usually carried out by titrating a 
titration mixture contained in a Dewar flask with the titrant delivered 
manually and discontinuously from a conventional volumetric buret. The 
temperature changes were read visually with the aid of a Beckman ther­
mometer. It was a laborious point-by-point plot method ; furthermore, 
because of the response lag of the thermometer, it was necessary to wait 
an appreciable length of time after each addition of titrant. The re­
sults were quite often a function of the patience of the experimenter. 
Manual titrations required at least half an hour, and were limited to 
solutions of relatively high concentrations (s 0.1 M) and involved 
temperature changes of the order of several degrees centigrade.
Since 1953» automatic instrumentation has taken place in this field 
also. Automatic buret is employed to lessen the manual work, and insure
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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additions of constant increments; and thermistor replaces the bulky 
Beckman thermometer. Sensitivity and accuracy have been increased many- 
fold and the application of the technique has hence widened. Details 
of the modern instrument will be discussed in the next chapter.
D. Unique Features and Significance
Most of the conventional titration methods are fundamentally "free 
energy methods". They depend on a property solely related to the equi­
librium constants, which in turn is related to the free energy by the 
well-known equation
= RT In K
Thermometric titrations are controlled by two factors, free energy 
and entropy in accordance with the equation
Ah = AF + TAS
This is a distinct advantage of the method. Since AF, and AS are 
essentially independent of each other, consequently unfavorable free 
energy terms may be compensated by entropy terms to produce favorable 
enthalpies.
An illuminating illustration of such a situation is the neutrali­
zation of boric acid with sodium hydroxide.^ At 2$°C, boric acid has 
an ionization constant of $.8 x 1 0 " .  The potentiome trie curves of 
boric acid in dilute aqueous solution is shown in Figure 2, Curve I. 
Comparing with the neutralization curve for hydrochloric acid. Curve II, 
it is evident that no end point is discernible for boric acid, while 
the hydrochloric acid yields a large "end point inflection".
However, the heats of neutralization of boric and hydrochloric 
acid are comparable, vis.: -10.2 and -13*5 Kcal/mole respectively.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2. Potentiometrie Titration Curves of
0.01 M Acids with Sodium Hydroxide^
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It appears reasonable then to anticipate that thermometric titration 
may yield comparably well-defined end points in both instances. In­
deed, the experimental enthalpograms (Figure 3) ate strikingly similar 
and the end-points are quite distinct. As a result, the two acids can 
be determined with comparable ease, precision, and accuracy by thermo­
metric titration, while any direct free energy method is bound to fail 
with very weak acids.
The wide range of applicability of thermometric titrations in 
quantitative analysis includes acid-base, oxidation-reduction, and com­
plexation reactions in aqueous and non-aqueous medium, at room tempera­
ture or at molten-salts temperature of 350^^, etc. The method is simple, 
rapid and versatile. Reaction enthalpy change is the only criterion.
Its main limitation is that it is non-selective.
Not at all insignificant is the fact that thermometric titration 
provides an easy,rapid means of studying heats of reactions and related 
thermodynamics.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 3. Thermometric Titration Curves of 0,01 M 
Acids with Sodium Hydro%ide^°
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CHAPTER III
DETERMINATION OF AMINO ACIDS BY THERMOMETRIC TITRATIONS
A. Introduction
The object of this study was to explore the potentialities and 
limitations of thermometric titrations as applied to the determination 
of amino acids. The approach employed can conveniently be discussed 
in terms of tv/o aspects, viz.:
1. Analytical
a. Initially the shape of the titration curves were obtained 
for the various types of amino acids (neutral, acidic, and 
basic) and were studied qualitatively.
b. Subsequently the titrations were critically evaluated in 
terms of quantitative analytical significance - accuracy, 
precision and range of application.
c. Quantitative determination of mixtures of amino acids were 
attempted.
d. Chelation of amino acids using Cu^^ as titrant was tried 
and results explored.
2. Thermodynamic
The relevant heats of reaction were determined and related,
thermodynamic constants, AF, AS evaluated.
B. Selection Criteria of Experiments
The feasibility of the thermometric titrations for analytical 
determinations as well as their precision and accuracy depend on the 
following variables:
Ik
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1. Equilibrium constants
2. Reaction enthalpies
5» Concentrations
In order to obtain a certain accuracy, equilibrium constants must 
exceed a certain minimum value. However, beyond this "minimun free 
energy requirement" the precision and accuracy of thermometric titra­
tions were anticipated to depend solely on concentrations and on heats 
of reaction involved. Consequently, the twenty fundamental amino acids 
were systematically grouped and studied to cover the widest possible 
range of acid strength but having comparable neutralization enthalpies.
C . Apparatus
The apparatus used for performing thermometric titrations was the 
Amineo Titra-Thermo-Mat, an automatic thermometric titrator manufactured 
by the American Instrument Company, Inc., Silver Springs, Maryland. It 
is believed to be the first commercial instrument available for this 
type of research. The purpose of this study being the exploration of 
the applicability of this technique, it seems justified to discuss the 
nature and limitations of the apparatus employed in some detail.
The instrument set-up consists of four major components, outlined 
in Figure 4:
1. Automatic buret
2. Adiabatic titration tower
3 . Thermistor bridge assembly
4. Recorder
Automatic Buret : The buret incorporates a cylinderical plunger
which advances into a glass reservoir by means of a precision screw.
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displacing a volume of titrant linearly related to the screw advance.
A synchronous motor drives the buret at a constant speed, delivering 
titrant at a fixed rate of 600 microliters per minute. A digital counter 
provides direct readout in milliliters of titrant dispensed.
A simple switch can conveniently be turned to three positions:
(l) dispenses titrant; (2) automatically refills the buret; or (j) 
turns the unit off. Volume of the titrant is displayed to the nearest 
tenth of a microliter, for a total volume of approximately $.2 ml. The 
digital readout may be reset to zero at the start of each successive 
titration.
Embedded in the titrant reservoir is a thermistor that measures 
temperature of the titrant. Leads extend from this thermistor to the 
Wheatstone bridge described later. Titrant is delivered through a long 
syringe-type needle attached directly to the titrant reservoir.
Adiabatic Tower : A $0 ml. polyethylene beaker rests in a thick
square block of rigidly insulated sample holder, which can be raised or 
detached from the main adiabatic tower. During operation, the sample 
beaker, buret reservoir with its titrant thermistor, heater, stirrer, 
and sample thermistor are all enclosed within a styrofoam insulated 
tower. Since the duration of one actual titration was only of the 
order of 1 or 2 minutes, satisfactory adiabaticity could be achieved.
Thermistor Bridge Assembly: The third part of the apparatus was
the temperature detecting system composed of a thermistor incorporated 
as one are of a d-c wheatstbne bridge shown in Figure 5* The YSI Pre­
cision Thermistor was a temperature sensitive semi-conductor made from a 
mixture of metallic oxides with these typical performance characteristics:
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Figure 5. Thermistor Bridge Circuit
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negligible heat capacity; an approximate resistance of $000 ohms at 
25°C; a temperature coefficient in the same temperature of 0.04 ohm/ 
ohm/°C; and a thermal lag of less than one second in aqueous media.
As the temperature of the reaction medium increases, the thermistor 
resistance decreases. Rigorously speaking, the resistance of the 
thermistor is an exponential function of the temperature. However, 
over small temperature ranges (up to 0.2°), the res istance-temperature 
function of the thermistor approximates linearly within experimental 
error.®
Thé output potential of the bridge was proportional to the ther­
mistor resistance and consequently to the temperature in the titration 
cell. At full sensitivity the bridge circuit can detect temperature 
changes as small as 10"^ °C. Actually in the course of thermometric
titrations, temperature changes were in the range between 0.01 and 0.2°C.
1 "
Recorder: A Minneapolis-Honeywell Electronic 17 Model is attached 
to the titrator set. This recorder has a 1 mv range (-0.05 to I.05), 
one second full-scale pen speed, and incorporated with a four-speed 
manual shift chart drive to provide speeds of 1/2, 1, 2 and 4 inches 
per minute.
D. Procedure
1. Chemicals :
Sodium hydroxide solution was standardized with potassium acid 
phthalate using classical procedures. The concentration of standard 
sodium hydroxide was varied depending on the concentration of the acid 
titrated. This was done to give the abiscissa of the titration curve 
a convenient length for measurement and yet keep the time of titration 
relatively short, which facilitated maintainance of adiabatic conditions
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The amino acids supplied by Nutritional Biochemical Corporation 
were used without further purification. They were Glycine, Alanine, 
Valine, Leucine, Isoleucine, Phenylalanine, Tyrosine, Proline, Hydro- 
xyproline. Serine, Threonine, Cysteine, Cystine, Methionine, Tryptophan, 
Aspartic Acid, Glutamic Acid, Arginine, Lysine and Histidine. They are 
supposed to be of the highest possible purity commercially available.
2. Titration Procedure:
In each titration, 25 ml. of the sample was used. The test por­
tion of the solution was pipetted into the polyethylene beaker. The 
stirrer, thermistor bridge, and recorder were turned on. Appropriate 
instrument sensitivity was chosen. The recorder was standardized and 
the bridge was brought to a balance point. After a 5 to 10 minute 
equilibration period, the bridge was rebalanced, and a fairly level 
base-line was obtained. The drive motor of the buret was turned on.
The titration curve was recorded and the equipment shut down. The buret 
was then refilled with the standard solution of titrant, and the equip­
ment was ready for another titration.
3• Calibrations :
a. Calibration of the Abcissa for Volume of Titrant: The
recorder chart was driven by a synchronous motor, adjustable to 1/2, 1,
2 and 4 inches per minute. The titrant buret had a constant delivery
volume of 600 microliters per minute. A calibration curve in milliters 
of titrant per inch of chart traveled was obtained by comparing the chart 
speed with the volume of titrant delivered per unit time. A chart speed 
of 1 inch per minute yielded a calibration of 0.6 ml. titrant per inch 
of chart. Table I lists the conversion of distance on chart to volume 
of titrant.
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TABLE I
ABCISSA CALIBRATION CHART
Chart Speed Vol. of Titrant
(in./min.) (ml./in. chart dist.)
1/2 1.20
1 0.60
2 0.50
k 0.15
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b. Calibration of the Ordinate of the Recorder Chart in Terms 
of Enthalpy Change : Method (a) - it is well known that the heat of
neutralization of hydrochloric acid and sodium hydroxide is 13*5 Kcal/ 
mole. Known volumes of standardized solutions of both reagents were 
mixed together to interact. Reaction enthalpy change can be proportion­
ally calculated, and this corresponds to the deflections on the recorder 
or the distance on strip chart crossed. Method (b) - the heating ele­
ment in the titrator was a coil of known resistance. It was supplied by 
a D-C source whose voltage can be measured. Amounts of heat generated 
by applying the heater for t seconds is equal to
Calories =
V^t
R 4.28
V = applied voltage of D-C source
t = time in seconds
R = resistance of heater coil
4.28 = conversion factor, joules/calorie
Hence, it was possible to calibrate the instrument under as nearly 
as possible to the actual experimental conditions. Twenty-five milli­
liters of distilled water was used as the sample. The heater was im­
mersed in the titration beaker and was turned on for a precisely recorded 
period of time. The applied voltage was carefully measured. The change 
in temperature of the solution due to the heat generated by the heating 
coil is proportional to the recorder response.
The latter method was considered to be more accurate and was adopted
in this study. A typical calibration curve is shown in Figure 6. It is
evident that a separate calibration curve is required for each sensiti­
vity setting.
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Figure 6, Typical Calibration Curve
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4. Computation of Relevant Data:
a. Analytical Aspect: The calculation of concentration of 
individual samples'from the experimental data was straightforward. The 
following equation was used:
— VgNg •••.1
in which
Vi = volume of sample solution 
Ni = unknown concentration of sample solution 
Vg = equivalent volume of titrant used 
Ng = standardized concentration of titrant 
In the case of mixtures of a diportic acid and a monoprotic, such 
, as aspartic acid with alanine, the following equations were used (cf. 
Figure 7):
Wt. (gms) of diprotic acid found =
2Vi X strength of titrant x meq. wt. of diprotic acid ....2 
where Vi is the volume in ml of titrant required to reach the first 
equivalent point; 2Vx comes from the fact that in a dibasic acid the 
total volume of titrant required to neutralize the acid is equal to 
twice the volume required to reach the first equivalence point, V%.
Wt. (gms) of monoprotic acid found =
(Vg - 2Vi) X  strength of titrant
X meq. wt. of the monoprotic acid ....5
where Vg is the total volume of titrant required to neutralize the entire 
solution.
b. Thermodynamic Aspect: The specific heats of the various
solutions used in this study were assumed to be equal and constant. The 
observed reaction enthalpy change is the sum of the heat of ioniza­
tion of the acid and the heat of neutralization.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
■ U
tH
• H
XJ
trvco
• H
■U
• H
ir\r-J
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
A"r “
A«°i ° A«r - K - - 5
(1 - x)
where x denotes the fraction of acid ionized in the initial titration 
mixture before any base was added. In the case of amino acids, the 
ionization constants being so small that the above equation can be re­
duced to
1 - X -  1
where
+ 13.5 Kcal/mole  7
.H? = standard heat of ionization 
A 1
= standard heat of formation of water (-13-5
Kcal/mole at 23°C)
•H = heat of reaction observed 
A r
For diprotic acids such as glutamic and aspartic acids, two end­
points are distinguishable on the titration curve. The total heat of 
ionization (corresponding to the dissociation of both protons) can be 
obtained by summing the standard heats of ionization of each proton in - 
■ dividually calculated.
The free energy of ionization was calculated from the expression
.F? = -RT In K.  8
A 1 1
Thermodynamic ionization constants were obtained from the literature. 
Entropies of ionization were subsequently evaluated using the relation­
ship:
- .F?
. . . . 9
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CHAPTER IV 
RESULTS AND DISCUSSIONS
A. General Characterization of Thermometric Titration Curves Involving 
Ac id-Base Interactions 
The titration curves for all monoprotic acids were identical in 
shape. That is, there was one break at the starting point, one at the 
end-point and a uniform slope in between. However, a diprotic acid 
showed two distinct equivalent points. Curves I and II of Figure 8 il­
lustrate typical thermometric titration curves or enthalpograms for a 
monoprotic and a diprotic amino acid respectively.
In order to obtain discrete breaks between neutralization steps on 
a thermometric curve of a mixture of amino acids, the successive heats 
of neutralization must differ considerably. Titration of a mixture of 
any two monoprotic amino acids did not show two separate end-points ; 
instead, just one equivalent point was observed. This was due to the 
pK values of the acids being too close together, and the corresponding 
heats of reaction did not differ enough.
In the case of glutamic acid (Figure 9)» a diprotic acid with 
pKi = 4.0 and pK^ = 9*^T> two discrete breaks in the titration curves 
- were observed. The difference in the extent of the ionization of the 
two carboxyl groups is reflected in the difference in the slopes of the 
lines. As expected, the first half of the curve was steeper than the 
other half, showing that the rate of heat change during the neutraliza­
tion of the first H^ was greater than that of the second.
Analysis of the enthalpogram shows that Vg = 2V%, as would cer­
tainly be expected that the total volume of titrant equivalent to a
27
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Figure 8. Typical Thermometric Titration Curves for 
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Figure 9* Thermometric Titration for Glutamic Acid
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diprotic acid would be twice that required for the first ionizable 
proton.
A mixture of a diprotic acid and a monoprotic one, such as aspartic 
acid and alanine, can also be titrated. Two discrete breaks are observed 
in the thermometric titration curve. Here, V% (cf. Figure 7 ) represents 
the titration of the first ionizable hydronium ion of the dicarboxylic 
acid (aspartic acid), and Vg represents the total neutralization of the 
second ionizable hydronium ion of the dicarboxylic acid and the ioniz­
able hydronium ion of the monocarboxylic acid. The pKg of the aspartic 
acid (9 -82) is almost the same as the pKi of alanine (9*T8)* Hence, the 
acids are simultaneously neutralized by NaOH during the latter part of 
the titration. Therefore, Vg is not equal to twice Vi in this case.
B . Analytical Study of Selected Amino Acids
The ionization constants of the fundamental amino acids and their 
structural formulae are compiled in the Appendix. As can be seen there, 
all the neutral amino acids have essentially the same acidity, K values 
are of the same order of magnitude, 10”^°. It is expected then that 
these acids would behave similarly in the thermometric titration pro­
cess.
With the basic amino acids, the acid strength is weaker. However, 
this group of compounds can be converted to their hydrochlorides, e.^., 
histidine.HCl.H2O, and can, therefore, be treated as a mixture of two 
monoprotic acids in titration. ,
Tables II through VI list the data obtained. All titrations were 
performed in the concentration range between 10”^ M to 10"^ M. The 
length of titration time was less than two minutes. This would minimize
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TABLE II
ANALYTICAL RESULTS FOR NEUTRAL AMINO ACIDS, 1-a-ALANINE
True
Concentration
True
Weight
Weight
Found
No. of 
Anal­
yses
Percent
Error
Absolute
Error
Preci­
sion
3»t 66 X 10“^ M 83.90 mg 84.14 mg 5 + 0.28 +0.24 mg 0.15
9.825 X 10-3 M 21.89 mg 22.72 mg 3 + 3-7 +0 .8 3 mg 0.08
h.6h6 X 10“® M 10.35 mg 11.64 mg 4 412.5 +1.29 mg 0.16
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TABLE III
ANALYTICAL RESULTS FOR ACIDIC AMINO ACIDS, l-CY-GLUTAMIC
True
Concentration
True
Weight
Weight
Found
No. of 
Anal­
yses
Percent
Error
Absolute
Error
Preci­
sion
1.056 X 10-2 M 38.84 mg 40.36 mg 4 + 3 .9 + 1.52 mg 0.05
5.527 X 10-3 M 20.33 mg 20.44 mg 4 + 0.5 +0.11 mg 0.13
1.382 X 10-3 M 5.08 mg 5.25 mg 3 + 3 .3 +0 .17 mg 0.04
1.106 X 10-3 M 4.07 mg 4.12 mg 4 + 1.4 +0.05 mg 0.01
8.295 X 10-4 M 3.05 mg 3.35 mg 4 + 9 .8 +0.30 mg 0.11
5.527 X 10"4 M 2 .03 mg 3-61 mg 4 +52.0 +1.58 mg 0.11
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TABLE IV
ANALYTICAL RESULTS FOR BASIC AMINO ACIDS, 1 -a-H is t id ine•HC1•HgO
True
Concentration
True
Weight
Weight
Found
No. of 
Anal­
yses
Percent
Error
Absolute
Error
Preci­
sion
1.857 X 10"2 M 97.54 mg 96.58 mg 3 0.98 -0 .96 mg 0.01
9.285 X IQ-S M 48.67 mg 48.49 Mg 3 0.37 -O.I8 mg 0.05
4.6^5 X 10“^ M 24.54 mg 24.70 mg 3 1.49 +0 .56 mg 0 .15
9.285 X 10"4 M 4 .87 mg 4 .56 mg 2 6.54 -0.51 mg 0.11
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heat exchange due to extraneous factors. Concentrations of the titrant 
was as a rule 10-100 times larger than the reactant. In all cases, 
conditions were chosen so that a volume of titrant did not exceed 1 ml 
to 3 ml for neutralization.
The precision of the titration results in terms of standard devia­
tion was acceptable at all concentrations. The standard deviation was 
smaller than O.I5 in most cases. Accuracy of the titrations varied 
with the concentration and the nature of the acid, as shown in Figure 10. 
In general, at extremely low concentrations such as 10"^ M, percent 
error increased rapidly. T).iis might be due to the fact that the heat 
of reaction was too small to produce the minimum temperature change re­
quired for reliable estimation of end-points and/or the heat exchange 
due to extraneous factors under the experimental conditions was not at 
all negligible. The percentage error in high dilution, reported here, 
is quite satisfactory. It should be pointed out that the order of 
absolute error is the same as in the case of titration of more concen­
trated systems. In this investigation, the concentration of solution
that gave rise to beyond ±10^ was considered as the limit of applica­
bility of the method.
Comparatively speaking, the neutral amino acids required a rela­
tively high concentration for reliable titration. Sample concentra­
tions should not be less than 6 x 10"® M. Again this was because of
the small amount of heat evolved. Thermodynamic analysis of the data
(discussed in a later section) substantiated this statement.
For the diprotic acids, thermometric titration applied exception­
ally well in terms of sensitivity, accuracy and precision, all the way
down to 10"4 M range.
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There appeared to be a striking similarity in the accuracy curve 
between glutamic acid and histidine-HCl. This is explained by the fact 
that glutamic acid is a diprotic acid whi-le histidine with one hydrogen 
chloride group attached also becomes a diprotic acid. The heat evolved 
due to the neutralization of HCl in the histidine solution increased 
the sensitivity and accuracy of the determination.
Figure 11 shows the titration curves of Histidine-HCl. Even at 
such low concentrations as 4.64$ x 10“"^ M (net sample weight, 24.$4 mg) 
two distinct end-points caused by the successive neutralization of HCl 
and —COOH respectively are clearly discernible. Further decrease in 
concentration to 9*285 x lO'^ m (net sample weight, 4.87 mg) would pro­
duce only one end-point on the enthalpogram, yet the quantitative per­
cent error is only 6^. The heat generated at this concentration was 
too small to make further lowering in concentration practical.
As mentioned before, mixtures of two neutral amino acids cannot be 
titrated to determine the concentration of each component because of 
their close ionization constants and enthalpy changes. Table V, shows 
the results of a neutral and an acidic amino acid mixture, viz., ala­
nine and aspartic acid, quantitatively titrated with NaOH. Table VI 
lists the quantitative determination of a mixture of a basic with an 
acidic amino acid, viz., glutamic acid with arginine. Composite sample 
size varies from 100 mg to 25 mg. Results seem to indicate that in 
general any combination of acidic with basic, or acidic with neutral 
amino acids can be titrated with satisfactory accuracy.
C . Chelation Study on Monocarboxylic Amino Acids
The capacity of amino acids to form metal complexes is not only of 
theoretical interest but also of very great practical significance.
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TABLE V
ANALYTICAL RESULTS FOR MIXTURES OF AMINO ACIDS 
dl-a-ALANINE AND l-Agï»ARTIC ACID
COMPONENT A COMPONENT B
Weight of 
dl-Alanine
Weight
Found
Percent
Error
Weight of 
Aspartic
Weight
Found
Percent
Error
71.69 mg 70.33 mg - 1.9 22.51 mg 22.38 mg -0.7
30.20 mg 30.62 mg + 1.3 25.85 mg 25.16 mg -2.3
21.14 mg 22.17 mg + 4.8 25.85 mg 25.24 mg -2.4
12.08 mg 13*37 mg +10.6 25.85 mg 25.24 mg -2.4
12.08 mg 12.98 mg + 7*4 12.93 mg 12.51 mg -3.2
0 0 0 38.78 mg 38.78 mg 0
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TABLE VI
ANALYTICAL RESULTS FOR MIXTURES OF AMINO ACIDS 
GLUTAMIC ACID WITH ARGININE HYDROCHLORIDE
COMPONENT A COMPONENT B
Weight of 
Glutamic Acid
Weight
Found
Percent
Error
Weight of 
Arginine HCl
Weight
Found
Percent
Error
15.35 mg 14.72 mg -4.1 38.73 mg 39.50 mg +7 .5
15.35 mg 15.45 mg +0 .6 55.09 mg 58.90 mg +8 .7
30.70 mg 29.81 mg -2 .9 36.73 mg 37.39 mg -f4.5
30.70 mg 29.44 mg -4.1 18.36 mg 18.54 mg 40 .9
30.70 mg 50.02 mg -2 .3 0 0 0
0 0 0 91.82 mg 90.05 mg -1 .9
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There is an extensive literature on these metallic complexes, but it is 
mostly of a qualitative nature. We started out to explore the possibi­
lity of applying thermometric titration techniques to determine quan­
titatively the concentration of an amino acid solution through complex­
ation with Cu"^  ^ions. Assuming a simple 2:1 copper-amino acid complex, 
a copper glycinate may be represented by the following structure:
0 = 0 — 0^ ,0— 0 = 0
X X
Laboratory work indicated that straightforward titration gave er­
ratic enthalpogram -- sometimes exothermic and othertimes endothermie. 
This was due to the two opposing thermal processes, one endothermie and 
the other exothermic. The ionization of the amino acid is an endothermie 
process, whereas the chelation of the conjugate base of the amino acid 
by cation is an exothermic process. The extent of heat evolved due to 
complexation depends on the type of complex formed, which, in turn, de­
pends on reaction conditions. The trouble was overcome by converting 
the amino acids into sodium salts through the addition of equivalent 
amounts of sodium hydroxide. Titration of the resultant solution with 
1.001 M Cu(N0s)2 gave reproducible results. Chelation of copper by the 
neutral amino acids was definitely an exothermic process. In an attempt 
to analyze the data quantitatively it was found that no simple stoichio­
metry could be applied to the amino acid and copper ion in the complex. 
Table IX shows that for an entire series of neutral amino acids under 
investigation, the average stoichiometric ratio between the amino acids 
and was 2.$:1. While in general bivalent copper has a coordination.
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number of four, requiring the formation CuGlycineg, our experimental re­
sults suggest that an appreciable amount of extraordinary complexes such 
as CugGlycines, CugGlycineg, or CuGlycineg were also formed.
Borsook and Thieman^ attempted the quantitative determination of 
the composition of copper complexes of glycine and alanine from measure­
ments of absorption spectra and copper ion activity determined by means 
of a copper electrode. He reported that the following compounds were 
present under varying conditions:
Range of Stability
Probable formula 
of complex
1. With glycine
about pH 0 .5-2 .5
pH 2 .5 ; in high dilution 
up to pH 7
pH 5-8
pH 8-12
2. With alanine
about pH 0 .5-2 .5
pH 2 .5-6 ; favored by di­
lution
pH 5-9; in dilute solu­
tions to pH 11
pH 8-11; only in con­
centrated solutions
CuGlycine^
CugGlycineg
CugGlycineg
CuGlycines
CuAlanineg
CugAlanineg
CuAlanineg, or 
CugAlanineg
CuAlaninea.
>3
Evidently, in our titrations, a mixture of complexes might have 
occurred which varied with the pH and the composition of the solution. 
Buffers might help solve the puzzle, but under our experimental condi­
tions it was difficult to find a buffer which would not preferentially 
complex the Cu"^  ^or form an insoluble copper salt.
Thermodynamic values on the chelation process cannot be evaluated 
from the observed data unless we know exactly the type of compound
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
h2
formed. For the same reason, our effort to calculate the stability 
constants of metal amino acid complexes by using the enthalpy change 
data from the observed enthalpogram was not successful.
D . Thermodynamic Data of the Neutral Amino Acids
Table VII lists the results for a series of neutral (monocarboxylic) 
amino acids titrated in the 0.01 M to O.OI5 M  solutions with 1.2^1 M 
sodium hydroxide at 25 ±2°C. The ionization enthalpies are derived 
quantities calculated from the experimental data. Each value repre­
sents the difference between the corresponding heat of neutralization 
and the quantity -13*5 Kcal/mole. In the amino acid molecule, two 
functional groups are capable of ionization, viz., the carboxyl group 
and the amino group. The order of magnitude of the values for the 
kinds of ionization groups is sufficiently different to serve as evi­
dence for which particular group is undergoing ionization. The charac-
—
teristic heats of ionization for carboxyl groups where RCOOH ^  RCOO + H , 
range from +59 to II56 calories/mole.^'^ Our observed values indicated 
that the ionization proceeds through the amino group, where RNH3 =
RNHg + H*". Comparison of experimental values with literature agreed 
reasonably well. This is shown in Table VIII.
While it was not the purpose of this dissertation to study the 
thermodynamics of the amino acids, we found that thermometric titration 
surpasses many other methods frequently used for evaluating heats of 
ionization in simplicity and elegance. It has the specific advantage of 
being rapid to perform. Furthermore,- thermodynamic quantities so derived 
have the unique advantage of corresponding to virtually isothermal condi­
tions, being averaged over a temperature range of 0.1°C or less.
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TABLE VII
THERMODYNAMIC DATA OF NEUTRAL AMINO ACIDS AT 25 ±2°C
Acid
. a
pK(NHa)
A^i ^ 
(Kcal/mole) (Kcal/mole) (eu) .
Glycine 9.60 9 .9 15.0 -11
Alanine 9.69 10.7 13.1 - 8 .3
Valine 9.62 10.5 13.0 - 9 .6
Leucine 9.60 10.6 13.0 - 8 .2
Isoleucine 9.62 10.2 13.0 - 9*6
Phenylalanine 9 .13 9 .9 12.4 - 8 .3
Proline 10.60 10.7 l4.4 -12
Hyd roxyproline 9.65 8.5 13.1 -15
Serine 9.15 9 .1 12.4 -11
Threonine 9.12 9 .2 12.4 -11
Methionine 9.21 9 .9 12.5 - 8.6
Tryptophan 9.39 10.4 12.6 - 7.5
a. Data on apparent dissociation constants at 25° of amino acids drawn 
from the compilation by Greenstein and WinitÉ.^3
b . Calculated from experimental data using equation 7*
c. Calculated from pK values using equation 8.
d. Calculated using equation
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TABLE VIII
COMPARISON OF DATA BASED ON THERMOMETRIC TITRATIONS 
AND ON LITERATURE VALUES
(Kcal/mole)
Acid
Thermometric
Titrations
Based on 
Literatures 
a b
Glycine 9 .9 10.8 10.7
Alanine 10.T 11.0 11.6
Valine 10.5 10.6 10.6
Leucine 10.6 10.8 —  -
Isoleucine 10.2 10.9 -  -
a. Data from Greenstein and Winitz.^^
b. All values from measurements of pK^ at 25° and 0° and calculated 
from the relation
-Ah' = 14,940 (pK' at 25° - pK' at 0°) calories/mole.
Data from 12, T*
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TABLE IX
COPPER (II) CHELATION DATA WITH SELECTED AMINO ACIDS
Acid
pH of solution 
(before reactn.)
pH of solution 
(after reactn.)
Average
Stiochiometry
Glycine 10.6 5.1 2 .3
Alanine 10.9 5.75 2 .3
Valine 10.8 5 .6 2.4
Isoleucine 10.8 5 .4 2 .3
Proline 11.4 5 .4 2 .3
Serine 11.5 5 .4 2 .3
Threonine 10.5 5 .6 2 .3
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Entropy and free energy of ionization were also calculated from 
the thermometric data by the computation technique discussed before.
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C H A PTE R  V
NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY STUDY OF AMINO ACIDS
A. Introduction
Absorption spectroscopy in all wavelength ranges is being employed 
to an ever increasing extent in chemical analysis and research for the 
identification and the quantitative analysis of structural units in 
unknown compounds.
The amino acids do not absorb light to any appreciable extent in 
the visible range of the spectrum. The characterization of this class 
of compounds has been, therefore, restricted to the regions of longer 
and of shorter wavelength.
In the ultra-violet region of the spectrum, all the amino acids 
absorb to a greater or lesser extent. However, of the twenty or so 
amino acids which commonly occur in proteins, only four possess a 
characteristic absorption in the 220-500 mjji region. They are tyrosine, 
tryptophan, phenylalanine and c y s t i n e . R e f e r e n c e  to the 
structure of these four compounds reveals characteristic unsaturated 
aromatic groups. With cystine the absorption maximum at about 25O m|i, 
was considered to be due to the disulfied group.
A tremendous amount of investigation has been done on the infra­
red absorption of or-amino acids, notably by Sutherland^®, Gore® and 
Bellamy.^ The spectra absorption bands corresponding to the specific 
vibrational frequencies of the cy-amino acids appeared in the 2pr8p 
region. It may be concluded as a result of the various spectroscopic 
studies that (a) the o'-amino acids in the solid state or at their 
isoelectric point in the aqueous solution exist almost exclusively as
47
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a dipolar ion, RCH(NH3)C00 , and (b) as a consequence of this dipolar 
ion structure many amino acids possess a characteristic absorption 
frequency at about 6 . ^  which is related to the COO group, as well as 
a relatively weak absorption at about 4.7p. which may be attributed to 
the NH frequencies in the NH3 ion«®^’^
Beyond these basic assignments it has been difficult to interpret 
further the seemingly complex infrared spectra of the amino acids. 
Fortunately for identification purposes, it is not always necessary to 
interpret the origin of each absorption peak. Finger-print type match­
ing approach may be employed.
Koegel, Greenstein and associates^® characterized the amino acids 
into eight general groups based essentially upon obvious structural 
considerations. They compiled a detailed table of absorption spectra 
in the region 2p-8p, for each group. It is found that many of the ab­
sorption teaks are shared in common with most of the compounds studied, 
especially in the regions of to T ‘5)J- where six strikingly similar
peaks occur. However, there is always some characteristic and dis­
tinctive feature in the IR spectrum of each amino acid, even though 
the spectra are complex even for the fundamental amino acids.
The phenomenon of nuclear magnetic resonance (NMR) was first ob­
served in 1946 by Purcell and Bloch. Its application to organic 
chemistry has already been widespread and most fruitful. With the pos­
sible exception of gas-liquid chromatography, no new experimental 
technique has been so rapidly accepted or proved so widely applicable. 
In the field of biochemistry, the application of NMR spectroscopy is 
still in its infancy. The purpose of this dissertation is to study the
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spectrum of the twenty or so fundamental amino acids, analyze and cor­
relate them so that hopefully the data compiled can be used not only 
for the identification of individual amino acids but also for binary 
mixtures.
B. Theory of NMR
Excellent books and reviews have been written to cover theory, in­
strumentation and interpretation of NMR spectra, in particular, by Pople, 
Schneider and Bernstein^, Roberts and Jackman®^ We will therefore
only very briefly state the fundamental principles and limitations of 
NMR with respect to amino acids analysis and define some terminologies 
useful in this work.
• Considering a spining nucleus, such as the proton, which has a net 
spin I = i, it has a magnetic moment, p,, of its own. When such a nucleus 
is placed in an external applied magnet field, H, it acts as though it 
were undergoing precession around the field axis at an angular velocity 
O) which is proportional to the magnetic field H at the nucleus.
“ “ iofe; '
Y = gyroraagnetic ratio 
h = Planck's constant 
Furthermore, there occurs a splitting of the nuclear energy level. 
The total possible energy levels is 2 1 + 1 .  For the proton, there will 
be two nuclear energy levels corresponding to the orientation of spin 
parallel and anti-parallel to the magnetic field. When an alternating 
radio-frequency field is correctly superimposed over the stationary 
magnetic field, and rotates at exactly the frequency of an energy level, 
the nuclei will be provided with enough energy to undergo a transition
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from a lower energy level to a high energy level. Selection rule al­
lows transitions only between adjacent levels. The frequency, v, of 
the radiation that will effect transition between energy levels is as 
follows :
= hv = p,H/l
Therefore, the frequency of the resonance absorption can be varied by 
altering the value of the applied magnetic field.
The consequences of this basic relationship of the nuclear mag­
netic resonance absorption phenomenon are (a) that only those nuclei 
with a net spin, i.e., a non-zero value of p, can give rise to the 
phenomenon, which limits observation to the nuclei with odd values of 
atomic number or of atomic mass; (b) that the resonance frequencies 
can be made to vary at will by changing the magnitude of the external 
magnetic field; and (c) that the frequencies of absorption vary widely 
for different nuclei since the values of p,, the magnetic moment, differ 
greatly among the nuclei.
It should also be pointed out that a very small value of the energy 
difference is involved in the transition. This smallness of the energy 
difference of the spin states makes the observables in the NMR spectra 
highly sensitive to the molecular environment of the nucleus. In 
particular, the observables thus affected include the chemical shift 
and the spin-spin coupling.
Chemical Shift: The precise value of the resonance frequencies
depend on the induced magnetic field of the moving electrons surround­
ing the nucleus. It is expressed in terms of a difference between the 
field necessary for resonance in the sample and some arbitrary chosen 
reference compound. Typical reference compounds each of which have
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only a single resonance line are chloroform, cyclohexane, benzene, and 
tetramethylsilane (TMSi) for proton spectra. The chemical shift is 
therefore expressed as a function of increasing field strength neces­
sary to achieve the resonance condition, namely
g . “sample ' ‘'iMSl ^
“l
where and are the positions of the absorption peaks for
the sample and reference material, respectively (in cycles per second), 
and Hj, is the radio-frequency of the signal used (usually 60 Me/sec),
6 , so obtained is a dimensionless number expressed in parts per million. 
A positive value corresponds to a greater degree of screening in the 
sample than in the reference compound. ■ —
In a scheme devised by Tier, TMSi is assigned an arbitrary value 
of 10.00. Resonance values of samples are subtracted or added as they 
lie at a magnetic field below or above the position of TMSi?® The tau 
(t ) value is
T = 10.00 - 6
In this dissertation, assignments will be in terms of 6 (p.p.m.).
Spin-Spin Coupling : Although the nuclear magnetic moment is small,
its interaction with a nearby nuclear dipole is not negligible and is 
responsible for the fine structure of the NMR line. This interaction 
between the neighboring spin is transmitted through the intervening 
bonds. The net result is the splitting of the original absorption 
peak into a multiplet. In general, each equivalent group splits the 
resonance of its neighbor into 2nl + 1 multiplets, where n is the number 
of equivalent nuclei in the coupling group and I is the spin of the 
coupling nuclei. Where there are more than two interacting groups, the 
multiplicity of the group split is given by (2n^I^+l)(2n^I^+l).
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It is, therefore, clear that the distinction between chemical 
shift and spin-spin coupling is that the former is dependent upon the 
applied magnetic field while the latter is field independent.
C. Experimental
All spectra were obtained with a Varian Associates HA60 high re­
solution spectrometer using a 60 Me. fixed frequency oscillator in a 
field of 14,090 gauss and a Varian flatbed recorder. Samples were ex­
amined in spinning cylindrical Pyrex glass tubes of $ mm. outside dia­
meter. t-Butyl alcohol was used as the internal reference. Instrument 
was first aligned by fixing t-butyl alcohol at a chemical shift of 
6 - 1.28 with respect to tetramethylsilane.
Assignment of peaks to structural groups of the amino acids was 
based on the predicted splitting, the intensities of the absorption 
peaks, and the already published references between shift and shielding 
of various groups in amino acids, and other types of compounds
Data are reported in terms of the frequency independent unit,
6 (p.p.m.) = (\ample ' 
where the frequency for the reference compound, TMSi, is arbitrarily 
taken as zero. The sample temperature was 29°C.
The amino acids were obtained from the Nutritional Biochemicals 
Corporation, or the Eastman Kodak Company. The compounds were used as 
received with further testing or purification. All other chemicals 
were of reagent grade products from Baker and Adams.
Solvente used were 0.25 M aqueous solution of NagCOg and NaHCOg, 
pH at 25°C about 9*8- In preparing samples, each sample vial was 
filled with 2 ml of the solvent. To each was then added the particular
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amino acid under question until solution became saturated. Steam bath 
was used to enhance the solubility.
D. Results and Discussions
Most of the fundamental amino acids are not very soluble in water. 
Figure 12 illustrates the NMR absorption spectra of alanine, CH3CH(NHg)COOH, 
in water. The solubility of alanine in water is 16.7/^ by weight. It is 
possible to see distinctly the CH3 peak as a doublet while the CH peak is 
a quadruplet, particularly after multiple scanning. However, with the 
exception of glycine, alanine, proline and hydroxyproline, the solubi­
lity of the other amino acids in water is far below ten percent. NMR 
spectra of such weak solutions even after I8 scans will show large water 
peaks and a highly perturbed base line to make the distinction and 
characterization of the sample absorption peak^, in particular, the 
spin-spin multiplets, difficult. An aqueous solution of 0.25 M NagCOs 
and NaHCOs greatly enhances the solubility of the amino acids, through 
acid base neutralization process. NMR spectra of such a basic solution 
(pH 9-8) saturated with an amino acid sample reveals much refinement as 
compared to the plain water medium sample spectrum. The use of DgO will 
certainly reduce the intensity of the water peak. In addition to the 
high cost of DgO, most of the biochemical samples are in plain aqueous 
media; we, therefore, chose to carry out our studies in water with the 
addition of sodium carbonate and sodium bicarbonate.
Since chemical shifts are markedly subjected to influence by sol­
vents, all of our Spectra were run at 60 Me in the same solvent. The 
choice of an internal reference for aqueous systems is more complicated 
than for organic systems. Tetramethylsilane, the universal internal
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reference, does not appear to be sufficiently soluble in purely aqueous 
solutions. However, one of the derivatives of TMSi, sodium ^-trimethyl- 
silylpropanesulphonate, (CH3)3Si(CH2 )gS03Na, has been reported to be 
satisfactory for aqueous solutions.®® It gives a sharp, strong CH3 
peak at 10.00. Jones, £t al^® have suggested acetonitrile or dioxane 
as suitable references. In our experiments we used t-butyl alcohol as 
the internal reference. With respect to TMSi, the t-butyl alcohol gives 
a strong absorption peak at 1.28. Varian Spectra Catalog®^ also listed 
a very low side peak at 1.35 for the hydroxide proton in t-butyl alcohol. 
This small "blip" was not noticeable in our experiments probably because 
of the low reference concentration (O.3 to 1 .0^) or because of the rapid 
exchange with water.
Even though the amino acids were used directly from the supply 
bottle without purification, the proton magnetic resonance spectra were 
consistent with the known structure of the compounds. Since NMR is not 
a very sensitive technique, it is probable that as much as 2^ of im­
purity would not be detectable under the experimental conditions em­
ployed. Dextro- and levo-optical isomers of aspartic acid were run 
separately. Identical spectra were obtained as expected. This further 
suggested that even if a large amount of isomeric impurities were pre­
sent, no effect would be observed in the NMR spectra. Hence, it is 
unimportant which class of optical isomers were used, the observed 
spectra should apply equally well to both types of the fundamental 
amino acids.
Comparison of the spectra obtained in plain water and in basic 
solution is illustrated in Figure I3 , which is the NMR spectra for 
valine. Valine is a relatively simple amino acid; its solubility in
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water is about 8 .85^» The spectra showed the absorption peaks between 
0.8 and 4 p.p.m. Water solvent peak occurs later at about 4.8 p.p.m. 
Figure I3 relates to the water-saturated sample taken after I8 scans, 
while for Figure l4 the solvent contains 0.25 M NagCOg and NaHCOg and 
no multiple scanning is employed. Evidently, the first spectra was of 
poor resolution, particularly for the two doublet methyl groups in the 
vicinity of 1 p.p.m.
From the structure of valine, one would predict at most 4, and
(2) (1)
CHg— CH— CH— COOH
CHg NHg
. (4)
probably 3 non-equivalent groups of the absorption lines, corresponding 
to Group 1, Group 2, Group 3 snd Group 4. It is also likely that Groups 
3 ^nd 4 are equivalent and may give just one peak. The carboxyl proton 
will merge with the solvent water line due to rapid chemical exchange. 
Since the nitrogen nucleus possesses a quadruplet moment with spin 
quantum number. I, greater than the absorption signals will be low 
and broad if observable at all. We did not see any peaks assignable to 
the nitrogen group in all the spectra.
The carboxyl group and the amino group are common to all the a- 
amino acids, and are located at fixed positions relative to each other. 
Their presence will not, therefore, be too helpful toward differentia­
ting the individual identity. The fact that these two groups in the 
basic aqueous medium will not be observed on the NMR spectrum is an 
added blessing in. the sense of simplifying the picture slightly.
Jardetzky, et al^?, reported that the NHg or NHg groups are obser­
vable only in extremely acidic solution indicating that at higher pH, as 
in our case, the exchange of the corresponding hydrogens is very rapid.
•
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Even in Figure l4 the concentration of the sample amino acid still 
appeared to be low. The signal intensity is many times smaller than 
that obtained for pure organic liquids. Only the methyl groups 3 a^ nd 
h absorption peaks are distinctly resolved. (The two methyl groups in 
valine show up as two separate doublets indicating that they are non­
equivalent.) Group 1 and Group 2 appeared as broad bands of low inten­
sity. This resulting low signal to noise ratio tends to introduce 
error in the measurement of the chemical shifts, and complicates the 
assignment of peaks which is normally facilitated from the splitting 
pattern observed. We will therefore not attempt to list the exact 
magnitude of the chemical shifts of each equivalent group of protons, 
rather the approximate region expectable.
The chemical shifts of the different protons follow the general 
order, i.e., the greater the shielding around the proton, the lower the 
chemical shift, in terms of Ô, or the higher the absorption field and 
vice versa. Hence the o'-CH group which is relatively unshielded ap­
peared at lower field than the groups removed from the of-carbon. Of 
these later groups, the shifts are influenced by the substituents at­
tached directly to them.
Instead of enclosing all the NMR spectrums of the individual 
amino acids, a table is compiled to show the relative positions of the 
absorption peaks for each compound. The following discussions, therefore, 
refer to Table X.
The terminal methyl groups of valine, leucine, and isoleucine are 
the most shielded of all the groups. They appeared in the vicinity of 
1 p.p.m. Leucine differed from isoleucine in having an extra low but
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X
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* t-Butyl alcohol used as internal reference standard (6 = 1.28 p.p.m. with respect to tetramethyl­
silane taken as zero). o
■ o
o
Q.
C
g
Q.
■O
CD
C/)(AO3
CD
8
c5'
3
i3
CD TABLE X (Continued)
p-3"
CD
CD■O
O
Q.
Cao3
■O
O
CD
Q.
■O
CD
C/)
C/)
Cystine 
Methionine 
Tryptophan 
Aspartic Acid 
Glutamic Acid 
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2.06.0 l.u9.010.0
Ô p.p.m.
V
* Spectrum of samples taken in 0.25 M NagCOg and NaHCOs.
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broad band extending between 1.6-1.8 p.p.m. (Figure 1$). The methyl 
groups of alanine and threonine are relatively less shielded, the former 
being next to the (%-carbon and the latter in close proximity to the 
hydroxyl group. Following the decreasing order of shielding is the S- 
methyl of methionine.
Phenylalanine, tryptophan, histidien, and throsine have an aro­
matic ring in their structures. The protons of and near unsaturated 
aromatic rings are expected to have peaks at relatively low field.
Indeed, the resonance of the aromatic protons of phenylalanine, trypto­
phan, and histidine are found in the low field region between 7  and 8 . 5  
p.p.m., much lower than the O'-CH group. This is due to the unsaturated 
aromatic system involved in this compound where the devrease in shielding 
is greatest in the nitrogen-containing rings. For some unknown reasons, 
tyrosine showed no absorption peaks whatsoever in the aqueous solution.
It is also interesting to point out the prominent absorption peak at 
7 . 4  p.p.m. for phenylalanine, C6 HsCH2 CH(NH2 )COOH, arising from the aro­
matic protons. In terms of the basic amino acids, histidine shows 
characteristic peaks at J .2 p.p.m. and 7*9 p-p-m. These peaks are due 
to the two nitrogen bond protons of the ring, and can easily be used to 
characterize the presence of histidine in a mixture.
In serine, H0 CH2 CH(NH2 )C0 0 H, the O'-hydrogen plus methylene hydrogens 
together absorb between 3-8-4.1 p.p.m. Methionine, CHsSCHgCHgCH(NHg)COOH, 
is distinguished by a very narrow and prominent peak at 2 . 2  p.p.m. aris­
ing from the terminal methyl group. This methyl peak is unique among all 
those occurring in the natural amino acids in that there are no neigh­
boring protons to split it. Cystine, [-SCHgCH(NH2 )C0 0 H]2 , shows two 
absorption peaks as its structure indicates.
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Figure lU. NXCR Spectrum of Isoleucine
and Leucine
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In general, it is possible to relate the chemical shifts to the 
order of effectiveness of different substituent atoms in decreasing 
the shielding of the given group by the order of their electronegati­
vities (O > N > S) and by their proximity to the abserved protons.
Summarizing the chemical shifts of the various protons in the 
amino acids, ^ different regions may be established as follows:
Types of Proton
Aliphatic
SCp.p.m.)
0 . 5  - 2 . 0
Examples
Aliphatic and ^-substituted O .9 ~ k.^
Aliphatic and a-substituted 2.0 - $.0
Aromatic and Heteroaromatic 7*0 " 8 .$
Terminating CH3  groups of 
leucine, isoleucine, and 
valine
CH3  group in alanine, 
isoleucine; -CHg- in 
glutamic acid
a-CH group in all amino 
acids
In phenylalanine, histi­
dine, and tryptophan
A closer study of Table X reveals that each amino acid, being 
structurally different, apart from their common carboxyl and amino 
groups, are particularly suitable for nuclear magnetic resonance study. 
Each compound has a distinctly different absorption spectrum. In a 
binary mixture of amino acids, if no chemical interaction occurs within 
the sample and with the solvent, the intensity of absorption due to 
different compounds are simply additive. Two groups absorbing at the 
same location will not alter each other’s chemical shift, but simply 
enhance the intensity of the absorption signal. With the characteristic 
absorption peak of each compound, it should therefore be possible to 
identify the components of a binary amino acid mixture.
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Figures 16-21 illustrate the success of such an approach. Each 
figure consists of two spectra; the spectrum of one of the pure com­
ponents, and the spectrum of the resulting mixture. Without further 
explanation, it is quite obvious from the location of the absorption 
peaks and matching them with the compiled Table X, one can easily iden­
tify such a mixture. We have carefully synthesized the mixtures so 
that they illustrate all the following possible combinations:
Figure l6
Figure 1? 
Figure l8  
Figure 19 
Figure 20
Basic
(Histidine)
Basic
(Lysine)
Basic 
(Histidine)
Basic
(Histidine)
Acidic 
(Aspartic)
Neutral 
(Phenylalanine)
+
Figure 21 (Alanine)
Acidic
(Aspartic)
Neutral
(Methionine)
Neutral 
(Phenylalanine)
Neutral
(Serine)
(Glycine)
Amino Acids
Amino Acids
Amino Acids
Amino Acids
Amino Acids
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APPENDIX 
COMMON AMINO ACIDS 
Formula Mol. Wt.
Ionization Constant 
in H2O at 25°C ^ 
pKi (NHc)
3"
i3
A. Neutral Amino Acids
CD
"nc
Glycine CH2(NHs)C00H 75.07 9.60
3.3"CD Alanine CH3CH(NH2)C00H 89.10 9.69
CD■D
OQ.
Valine (CH3)2CHCH(NH2)C00H 117.15 9.62
C
a
O3
Leucine (CH3)2CHCH2CH(NH2)C00H 131.17 9.60
■D
O3" Isoleucine CH3CH2CH(CH3 )CH(NH2 )COOH 151.17 9.62
CT
1—HCDQ. Phenylalanine -CH2CH(NH2)C00H 165.19 9.15
3"O
C_
Tyrosine H 0 “ O  ~CH2CH(NH2)C00H 181.19 9.11
"OCD
3
Proline HgC---CH2 115.15 10.60
w-C/) H2C CHCOOH
o"3
'8
Hydroxyproline HOCH---CH2 151.15 9.65
H2C CR-COOH
Serine H0CH2CH(NH2)C00H 105.10 9.15
Threonine CH3CH(0H)CH(NH2)COOH 119.12 9.12
—4
o\
Z]
CD■D
0 
Q.
1
■D
CD
8
C5-
3
CD
C3.
CD■D
I
C
g
O3
&
O
C
E
C/)(g
o "3
Cysteine 
Cys tine 
Methionine 
Tryptophan
APPENDIX (Continued)
HSCH2CH(NH2)C00H
[-SCH2CH(NH2)C00H]2
CH3SCH2CH2CH(NH2)COOH
 C-CH2CH(NH2 )COOH
B. Acid Amino Acids 
Aspartic Acid 
Glutamic
C. Basic Amino Acids 
Arginine
Lys ine 
Histidine
H00CCH2CH(NH2)COOH 
HOOCCH2CH2CH(NH2)COOH
H2NC(=NH)NHCH2CH2CH2-CH(NH2)COOH 
H2N(CH2)4CH(NH2)COOH'
^CH
N
HC=
240.29
149.21
204.22
135.11
147.15
174.20
146.19
155.16
8.00
9-21
9.59
5.65(cooh) 9.6o(NHt)
4.25(cooh) 9.67(NHt)
9.09(NHt) 15.2
8.90(NHt) 10.28(NHt)
8.97(NHt)
NH
CCH2CH(NH2)C00H
■^Reference: Chemistry of the Amino Acids, Vol. 1, p. 486 (I96I)
78
VITA
William Yong-Chein Wu was born on September 7> 1939» ^t Shanghai, 
China. He graduated with distinction from St. Francis X'avier's High 
School in May, 1957) at Kowloon, Hong Kong. In the Spring of 1958, he 
entered Hardin-Simmons University, Abilene, Texas, and was granted a 
Foreign Student's Scholarship. He graduated magna cum laude in May, 
1961, with a Bachelor of Arts degree, majoring in Chemistry. After 
spending a summer at the University of Arkansas, under the National 
Science Foundation Undergraduate Research Participation Program, he 
enrolled in the Graduate School of Louisiana State University, with a 
Graduate Teaching Assistantship.
During the Summers of I963 and 1964, he was employed by Allied 
Chemical Corporation at Baton Rouge, Louisiana. He was transferred as 
a Research Chemist to the General Chemical Research Laboratory, Allied 
Chemical Corporation, Morristown, New Jersey, in the Summer of 1965*
He returned to Louisiana State University during the academic year to 
continue his graduate training and is now a candidate for the degree 
of Doctor of Philosophy.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
EXAMINATION AND THESIS REPORT
Candidate: William Yong-Chien Wu
Major Field: Chemistry
Title of Thesis: Determination and Identification of Fundamental Amino Acids by
Thermometric Titration and Nuclear Magnetic Resonance Spectroscopy.
Approved:
Date of Examination:
September l 6 ,  1966
/ / f  Û  ■.
A c t in g  M ajor Professor an3~Cnairmaiy 
Dean of the Graduate School
EXAMINING COMMITTEE:
M 4 _ CJ
^  / M . r Æ )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
